Background: The antioxidant lycopene may be beneficial for patients with heart failure (HF). Processed tomato products are a major source of lycopene, although they are also high in sodium. Increased sodium intake may counter the positive antioxidant effect of lycopene. Methods: This was a prospective study of 212 patients with HF. Dietary intake of lycopene and sodium was obtained from weighted 4-day food diaries. Patients were grouped by the median split of lycopene of 2471 µg/day and stratified by daily sodium levels above and below 3 g/day. Patients were followed for 1 year to collect survival and hospitalization data. Cox proportional hazards modeling was used to compare cardiac event-free survival between lycopene groups within each stratum of sodium intake. Results: Higher lycopene intake was associated with longer cardiac event-free survival compared with lower lycopene intake (p = 0.003). The worst cardiac event-free survival was observed in the low lycopene intake group regardless of sodium intake (> 3 g/day HR = 3.01; p = 0.027 and ≤ 3 g/day HR= 3.34; p = 0.023). Conclusion: These findings suggest that increased lycopene intake has the potential to improve cardiac event-free survival in patients with HF independent of sodium intake.
Introduction
Heart failure (HF) remains a major cause of early death and is associated with high morbidity resulting in significant personal, societal and economic burden. 1 Hospitalizations account for the majority of expenses incurred in the care of patients with HF. Rates of HF hospitalizations have increased by approximately 200% over the past decade. 2 Additional strategies for managing HF are needed to reduce the personal and economic costs of HF.
Recent evidence suggests that nutrition may play a role in improving outcomes in patients with HF. [3] [4] [5] [6] Nutritional interventions may be more justified in individuals with HF who have body wasting and cachexia. 1 Findings point to specific macro-and micronutrients that may slow the trajectory of HF by decreasing the inflammatory process associated with HF, and reducing the amount of oxidative stress. 3, [7] [8] [9] [10] Antioxidants such as lycopene, selenium and vitamin D may be targets for nutritional therapy. Lycopene Higher dietary lycopene intake is associated with longer cardiac event-free survival in patients with heart failure in particular may be beneficial in HF due to its antioxidant effect in reducing inflammatory status. 11 Numerous investigations in humans and animal models have demonstrated an inverse relationship between serum lycopene levels and risk of cardiovascular disease (CVD). [12] [13] [14] [15] Specific investigations between serum lycopene and HF are not as abundant in the literature.
The major source of dietary lycopene in the USA is fresh and processed fruits and vegetables, particularly tomatoes. Heat during processing alters the molecular structure of lycopene, making it more bioavailable to human tissue. 13, 16, 17 Unfortunately, processed foods containing high levels of lycopene also contain high levels of sodium. Research investigating the potential benefits of lycopene must also consider the sodium content of such foods. 18, 19 Therefore the purpose of this study was to determine the association between lycopene intake and cardiac event-free survival in patients with HF stratified by sodium intake levels.
Methods

Study design
This was a longitudinal prospective study in which levels of dietary lycopene and sodium intake were measured at baseline. Patients were followed for an average of 1 year, and rehospitalizations and cardiac mortality data were obtained to examine the relationship between dietary lycopene intake and cardiac event-free survival after stratifying patients by sodium intake levels.
Sample and setting
Patients were recruited from outpatient HF clinics associated with academic health centers in Kentucky, Indiana and Georgia. Patients were included if they had a diagnosis of chronic HF confirmed by a cardiologist and had been on a stable medication regimen for at least 3 months. Patients were excluded if they had a history of acute myocardial infarction or cerebrovascular attack within the previous 6 months, if they had a comorbid terminal illness or an inflammatory condition that suppressed appetite and if they were cognitively impaired. A total of 246 patients were invited to participate. Six patients declined, 7 patients withdrew, 5 patients were lost to follow-up and 16 provided incomplete food diaries, resulting in a final sample size of 212 patients. The investigation conforms to the principles outlined in the Declaration of Helsinki. 2 
Measurement of variables
Dietary lycopene and sodium intake. Dietary intake was measured by weighted 4-day food diaries that included three weekdays and one weekend day. Food diaries were analyzed using the Nutrition Data System for Research (NDSR; Nutrition Coordinating Center, Minneapolis, MN). 20 The analysis provided 4-day averages of each patient's intake, with data on 156 individual nutrients including lycopene and sodium.
Event-free survival. The primary outcome of this study was event-free survival. Event-free survival is defined as the composite end point of time to first HF hospitalization (emergency department or inpatient admission with a primary diagnosis of HF) or a cardiac-related death during the followup period. Data on hospitalization events or death were collected from patients/family member interviews, medical record review, hospital administrative records, and death certificates. A clinical expert on the research team reviewed all the data on reasons for hospitalization to ensure accurate categorization. Because of the possibility that a patient was admitted to various hospitals, patients/families were interviewed to obtain self-reports of admissions, which were then used to validate or augment electronic medical record data.
Covariates. Covariates included New York Heart Association (NHYA) functional classification, age, gender, body mass index (BMI), left ventricular ejection fraction (LVEF), and prescribed medications (i.e. ACE inhibitors, betablockers, angiotensin II receptor blockers, digoxin, and diuretics). Total comorbidity score was obtained using the Charlson Comorbidity Index. 21, 22 
Procedure
The study received approval from the Institutional Review Board at each enrollment site. Patients with HF were referred to the study by cardiologists and nurse practitioners. All patients gave written informed consent prior to participating. Demographic and clinical characteristics were collected at baseline. Patients were visited in their homes by a trained research nurse who provided detailed oral and written instructions for recording all food and beverages consumed during the 4-day food diary collection. Digital scales were provided to measure the weight of each food. Food models were also provided for patients to estimate serving sizes when they found that weighing food was impractical (e.g. when eating at a restaurant). Patients were asked to provide a return demonstration of food diary recording and food measurement as a review of the procedure. Patients were also telephoned on the first day of the food diary recording to answer any questions they had. The morning after completion of the food diary, the patient met with the dietitian who reviewed the completed diary. This process was to verify the serving sizes, obtain any missing information, and clarify food preparation techniques. These review sessions typically lasted 30-45 minutes. Lycopene and sodium levels were then determined using the NDSR software program for nutrient analysis. Lycopene and sodium daily consumption levels were totaled and then averaged over the 4 days of record keeping.
Statistical analysis
Data were analyzed using SPSS for Windows 17.0. Patients were dichotomized based on the median value for lycopene intake and the two groups were further stratified by the cutoff point of 3 g/day of sodium intake. For the purpose of data analysis, patients with a lycopene intake less than the median were defined as the low lycopene group and those with an intake of greater than the median split were defined as the high lycopene group. Independent t-tests or chisquare tests were used to compare the differences in sample characteristics between lycopene groups. Cox proportional hazard regression was used to compare the differences in cardiac event-free survival of patients in the lycopene groups stratified by sodium intake while controlling for age, gender, HF etiology, BMI, NYHA classification, LVEF and total comorbidity burden. The proportional hazard assumption was confirmed through visual inspection of the log (-log) survival curves.
Results
Patient characteristics
Patient characteristics of the total sample and of the high and low lycopene intake groups are shown in Table 1 . The average age of patients enrolled in this study was 60 ± 12 years (range 23-97 years). Almost one-third of patients had preserved systolic function with LVEF > 40%. The common comorbidities were hypertension and diabetes mellitus. The mean 4-day average intake of lycopene was 4091 ± 4940 µg/day (range 0-31,529) and the median was 2471 (25th percentile = 915, 75th percentile = 5076) µg/ day. These levels of lycopene intake are comparable to other investigations of dietary lycopene intake measured by food diaries. 23, 24 Fifty-one percent of patients had daily sodium intake greater than 3 g/day. The average sodium intake of the high lycopene group was greater than that of the low lycopene group (Table 1) . The majority of patients in both lycopene groups were classified as NYHA functional Class II or III, and were on appropriate HF medication regimens of ACE inhibitors, diuretics and beta-blockers.
Cardiac events
During the follow-up period there were a total of two patients who died (1.0%) and 41 patients (19.3%) who were hospitalized with a primary diagnosis of HF or experienced a cardiac-related death ( Table 2) . Using Cox hazard regression modeling, patients with a dietary lycopene intake above the median had longer eventfree survival than those with a dietary lycopene intake below the median after multivariate adjustment. In the stratum of patients with sodium intake levels above 3 g/day, the low lycopene group demonstrated three times greater risk of having a cardiac event compared to patients in the high lycopene group (Table 3) . Adjusted survival curves for high versus low lycopene groups with each stratum of sodium intake are depicted in Figures 1A and 1B . Higher intake of lycopene was associated with longer event-free survival in both strata of sodium intake. In the stratum of patients with sodium intake less than 3 g/day, low lycopene intake presented a 3.3 times greater risk of cardiac events when compared to the high lycopene group. The median time to first event for the total sample was 201 days (111, 393). In the sample with < 3 g/day dietary sodium intake, the low lycopene group had a median time of 209 days (123, 332) to first event, whereas the high lycopene group had a median time of 624 days. In the sample with ≥ 3 g/day of dietary sodium intake, the low lycopene group had a median time of 83 days (58, 207) until first event, whereas the high lycopene group had a median time of 193 days until first event ( Table 2 ).
Discussion
This is the first study to demonstrate that higher intake of lycopene independently predicted longer cardiac eventfree survival regardless of sodium intake in patients with HF. These findings are important because they suggest a fruitful avenue for future research that some have been reluctant to follow due to the high sodium content of many tomato-based foods. Our findings suggest that the antioxidant properties of dietary lycopene may be more important to the health of patients with HF than reducing sodium intake alone. Our findings about lycopene are consistent with those of prior researchers who have reported inverse relationships between lycopene and the risk of CVD. 25 Previous evidence in support of the role of lycopene in the prevention of CVD comes primarily from observational studies on normal and at-risk populations. 12, 13, 15, [26] [27] [28] [29] [30] There have been only a few reports on lycopene interventions in samples of patients with HF. [31] [32] [33] For example, in the Rotterdam Study, using case-control design, investigators assessed the presence of calcified plaques in the abdominal aorta as a clinical indication of atherosclerosis. 34 The study sample consisted of 108 individuals with moderate to severe atherosclerosis compared to 108 age-and gender-matched controls without atherosclerosis. The investigators reported an inverse relationship between serum levels of lycopene and the presence of atherosclerosis when using a logistic regression model with multivariate adjustment. 34 The odds ratio for the highest compared to the lowest quartile of serum lycopene was 0.55 (95% CI, 0.25-1.22). 34 The strongest population-based evidence for lycopene comes from a multicenter case-control study (EURAMIC) that evaluated the relationship between lycopene levels and acute myocardial infarction (AMI). 35 Plasma lycopene levels were found to be protective against AMI, independent of other cardiovascular risk factors, with an odds ratio of 0.52 for the comparison of the 10th and 90th percentiles (95% CI, 0.33-0.82; p = 0.005). 35 A dose-response was observed between each quintile of lycopene levels and the risk of myocardial infarction. The protective potential of lycopene was at the highest among individuals with the highest polyunsaturated fat stores. 35 Evidence about the effectiveness of lycopene in heart disease has recently been extended to patients with HF. In a series of observational studies, Polidori et al. evaluated plasma levels of malondialdehyde (MDA) and F2 isoprostane as biomarkers of oxidative stress and antioxidant levels (vitamin A, vitamin E, lutein, zeaxanthin and lycopene) in 30 HF patients with NYHA class II and III compared to 30 age-and gender-matched controls (18 male, 12 female, 80.0 ± 17.4 years). 31, 32 Class II NYHA patients with HF had significantly lower levels of markers of oxidative stress (MDA and F2 isoprostane levels) and significantly higher levels of antioxidant intake (vitamin A, vitamin E, lutein and lycopene) than NYHA class III patients. Ejection fraction was inversely correlated with MDA levels in HF patients when compared to the controls. A positive correlation was found between plasma levels of lycopene, lutein and vitamin A and ejection fraction, thus suggesting increased hemodynamic function of the heart in the presence of dietary antioxidants. These findings further suggest Figure 1A and1B. Difference in time to event between two groups with higher and lower lycopene intake stratified by sodium intake. Survival curves were adjusted for age, gender, HF etiology, BMI, LVEF, NYHA class, and total comorbidity score after stratifying by sodium intake. that antioxidants are depleted in patients with worse HF, which may be linked to increased oxidative stress or perhaps as a result of lifestyle, disease or age-related reasons that can facilitate oxidative stress. 31, 32 In a retrospective analysis of subjects enrolled in the Third National Health and Nutrition Examination Survey, Wood and Johnson reported that a relationship was found among tomato consumption, serum lycopene levels and HF risk in individuals with periodontitis. 33 Individuals with periodontitis had a dose-response relationship between tomato consumption and self-reported CHF risk, moderate tomato consumption (RR 3.15; 95% CI, 1.03-9.67), low tomato consumption (RR 3.31; 95% CI, 1.33-8.24) (p < 0.05). This dose-response relationship existed after adjusting for demographic, medical and lifestyle factors. When data were further adjusted for serum lycopene levels, the relationship between tomato consumption and HF risk in periodontally involved individuals remained high (p ≤ 0.05). 33 Approximately 80% of the sodium in the average American diet comes from processed foods, and for the past two decades the average daily sodium intake among adults was greater than 3.2 g. 36 Dietary sodium indiscretion is considered to be a precipitant in > 20% of patients hospitalized for decompensated HF and high sodium intake is an independent risk factor for HF exacerbation. [37] [38] [39] Because the richest sources of lycopene (processed tomato-based products such as ketchup, tomato juice, and pizza and spaghetti sauces) are also some of the highest in sodium, clinicians commonly have patients with HF avoid these foods. There is evidence that patients may respond differently to sodium restriction depending on symptom severity. 3 In a previous study we demonstrated that a higher sodium intake diet has detrimental effects on event-free survival in patients with HF, but only in those with NYHA class III and IV classification. 40 Our data suggest that foods containing high levels of lycopene may be beneficial without regard to the amount of sodium content. Patients often experience symptoms at varying levels of intensity and will often seek advice from healthcare providers about changes in diet and lifestyle that impacts their daily life and quality of life, thus promoting self-care management is a vital component in the care of patients with HF. 4 A potential limitation of this study was the use of selfrecorded food diaries. We recognize the greater number of days food intake is recorded, the more reliable are estimates of actual food intake. 5 We used a 4-day recording period, which optimizes estimates while minimizing risk of unreliable data due to recorder fatigue. Participants must be motivated, so we also used a combination of strategies to increase the accuracy of these diaries. 6 As food intake varies by day of week and season, we asked our participants to record intake on one weekend day and three weekdays. All instructions for the diary were given by an experienced HF research nurse. In addition to the verbal instruction, written and graphic materials were provided to each participant. Patients were also given digital food scales to help them measure food portions. Food models were used to help estimate serving sizes. Food diaries were reviewed with the patient by a dietician. Further motivation to accurately complete the food diary was enhanced by providing a nutritional analysis report to the patient. The nutritional analysis report was also provided as an encouraging feedback mechanism for participants to prevent the possibility of potentially changing their normal dietary intake during the reporting phase.
A second limitation to this study is that we did not obtain a direct measurement of oxidative stress or inflammation and therefore we cannot conclude the potential mechanism responsible for our findings. Our findings do support the potential cardioprotective benefit of higher lycopene intake in the presence of increased sodium levels in food products consumed by patients with HF as evidenced by longer event-free survival rates. Increased sodium intake in patients with HF is associated with an increase in fluid retention that is often responsible for the exacerbation of HF symptoms. However, the potentially unfavorable effect of increased sodium content in processed food products may not overshadow the benefit of lycopene in HF patients. This finding may be a result of overall diet quality or a dietary pattern; however, further studies are needed to clearly delineate the interaction of lycopene and sodium in patients with HF, and the results from our study should not be interpreted as suggesting that sodium restriction is unnecessary in patients with HF, even in the presence of high lycopene intake.
Conclusion
Future research should include the use of randomized control trials of various levels of dietary lycopene intake in HF patients stratified by their usual sodium intake. A diet with a high lycopene intake has the potential to improve cardiac event-free survival outcomes in HF patients. The study of dietary factors that led to a diet rich in antioxidants is essential for optimization of interventions aimed at reducing the burden of HF. Additional research should be conducted to examine the potential impact of lycopene from a variety of food products on the inflammatory process in patients with HF.
"What's new?"
• A diet rich in foods that are high in lycopene have the potential to improve cardiac event-free survival outcomes in HF patients. • A novel new intervention to increase dietary antioxidants may reduce the symptom burden of heart failure.
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